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METRIC CONVERSION FACTORS 

Approximate Conversions to Metric Measures 

Symbol When You Know Multiply by 

in 
11 

yd 
mi 

"F 

LENGTH 

inches '2.5 
feet 30 
yards 0.9 
miles 1.6 

AREA 

square inches 6.5 
square leet 0.09 
square yards 0.8 
square miles 2.6 
acres 0.4 

MASS (weight) 

ounces 28 

short tons O.Y 
pounds 0.15 

(2000 Ibl 

VOLUME 

teaspoons 5 
taolespoons 15 
llufd ounces 30 
cups 0.24 
pints 0.47 
quarts 0.95 
gallons 3.8 
cubic feet 0.03 
cubic yards 0.76 

TEMPERATURE (exact) 

Fahrenheit 5 / 9  [after 
temperature subtracting 

321 

To Find Symbol 

square centimeters 
square meters 
SqUdre meters 
square kilmeters 
hectares 

mn II I liters 
mi I I i l i t e r ~  
mtl l i l t ters 

titers 
Inters 
111ers 
I I ters 
cubic meters 
cubic meters 

Celsius 
temperature 

Svmbol 

"1," 

mi 

kni 

cm2 
1112 

hm2 
ha 

I 

kg 
1 

n.1 

1 
"13 

m" 

j' C 

Approximate Conversions from Metric Measures 

Multiply by When You Know 

LENGTH 

m, I I ,met'..'. 0.04 
Centimeter5 0.4 
meter, 3.3 
metcrs 1.1 
h I lmeters 0.6 

AREA 

0.16 square centimeters 
square meters 1.2 
square kilmeters 0.4 
hectares ~10,000 m21 2.5 

M A S S  (weight) 

grams 0.035 
hilugramb 2.2 
tomes (1000 kg) 1.1 

VOLUME 

milliliters 0.03 
l11Prs 2.1 
1tters 1.06 
liters 0.26 
cubic meters 35 
cubic meters 1.3 

TEMPERATURE (exact) 

Celsius 9/5 [then 
temperature add 32) 

" F  
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FOREWORD 

The B e a u f o r t  and  Chukchi seas a j o i n i n g  t h e  n o r t h e r n  and 
n o r t h w e s t e r n  s h o r e s  o f  Alaska  ( F i g u r e  F-1) w i l l  become, i n  
t h e  n e a r  f u t u r e ,  f o c a l  areas of  o f f s h o r e  d r i l l i n g  f o r  g a s  and 

o i l .  T h e  f i r s t  lease sa le  i n  t h e  B e a u f o r t  S e a  t o o k  p l a c e  i n  
December 1979.  Fundamental t o  t h e  development  and p r o d u c t i o n  
o f  o f f s h o r e  hydrocarbon r e s e r v o i r s  are p i p e l i n e s  t o  t r a n s p o r t  
g a s / o i l  from o f f s h o r e  p l a t f o r m s  t o  o n s h o r e  f a c i l i t i e s .  These  
p i p e l i n e s  are  o f  p a r t i c u l a r  impor tance  i n  t h e  Arctic o f f s h o r e  
s i n c e  ice c o v e r s  t h e  seas a p p r o x i m a t e l y  80 p e r c e n t  of t h e  y e a r  
making m a r i n e  t r a n s p o r t a t i o n  e x p e n s i v e  and h a z a r d o u s .  

T h i s  document c o n t a i n s  a r e v i e w  of  t h e  new t e c h n o l o g y  
a p p l i c a b l e  t o  Arctic o f f s h o r e  p i p e l i n e s .  The p u r p o s e  of t h e  
r e v i e w  w a s  t o  p r o v i d e  recommendations f o r  u p d a t i n g  t h e  ex i s t-  
i n g  Code o f  F e d e r a l  R e g u l a t i o n s  (CFR), T i t l e  49 P a r t s  192 and 
195, t o  r e f l e c t  t h e  c u r r e n t  s t a t e - o f - t h e - a r t  t e c h n o l o g y .  I n  

t h e  p r o c e s s  o f  p e r f o r m i n g  t h i s  t a s k  i n f o r m a t i o n / d a t a  o n :  (1) 
o f f s h o r e  h a z a r d s  t h a t  a f f e c t  p i p e l i n e  d e s i g n  and o p e r a t i o n  w a s  
i d e n t i f i e d  and a n a l y z e d ,  ( 2 )  new c o n c e p t s  f o r  Arctic o f f s h o r e  
p i p e l i n e  c o n s t r u c t i o n  and o p e r a t i o n  were r e v i e w e d ,  ( 3 )  t h e  
u n i q u e  r e q u i r e m e n t s  o f  t h e s e  p i p e l i n e s  were i d e n t i f i e d ,  ( 4 )  

o f f s h o r e  f a i l u r e s  were rev iewed  and summarized,  ( 5 )  s t a n d a r d s  
o f  d o m e s t i c  and f o r e i g n  o r g a n i z a t i o n s  were reviewed f o r  t h e i r  
r e l e v a n c e  t o  Arct ic  o f f s h o r e  p i p e l i n e s ,  and ( 6 )  recommendations 
f o r  r e s e a r c h  were d e f i n e d .  T h i s  i n f o r m a t i o n / d a t a  is p r e s e n t e d  
i n  t h e  t e x t .  



ALASKA 

Scale: 1 c m  = approx. 35 k m  
(1  in = 79 mi) 

Figure F-1. Northern Alaska 



I .  STATE-OF-THE-ART OF ARCTIC PIPELINE SYSTEMS 

The t e c h n o l o g y  o f  g a s / o i l  p i p e l i n e s  h a s  unde rgone  con- 
t i n u o u s  deve lopment  d u r i n g  t h e  l a s t  100 y e a r s .  However, i n  
recent y e a r s  t h e  s t a t e  o f  t e c h n o l o g y  h a s  advanced  s i g n i f i c a n t l y  

f rom t h e  c o n s t r u c t i o n  o f  t h e  T r a n s  A l a s k a  P i p e l i n e  and  a p i l o t  

p r o j e c t  c o n d u c t e d  by  P a n a r c t i c  O i l  Company i n  Arctic waters .  

The T r a n s  A l a s k a  P i p e l i n e  Sys tem (TAPS) w a s  c o n s t r u c t e d  

f rom Prudhoe  Bay t o  P o r t  Va ldez  and  c o m p l e t e d  i n  1977. Many 
p a p e r s  were w r i t t e n  on  t h e  s u b j e c t  of d e s i g n ,  c o n s t r u c t i o n  and 
o p e r a t i o n  o f  t h e  TAPS ( M e r r e t t ,  1979; Williams, 1979; Hanamoto, 

1978; O i l  and  G a s  J o u r n a l ,  1 9 7 4 ;  a n d  P i e t s c h ,  1973, for e x a m p l e ) .  
T h i s  p i p e l i n e ,  1.22m (48  i n )  i n  d i a m e t e r ,  is a p p r o x i m a t e l y  

1300 km (800 mi )  l o n g ,  h a l f  of which is u n d e r g r o u n d .  I t  car r ies  
w a r m  o i l  60°C (140OF) p r e s s u r i z e d  t o  a b o u t  800 p s i .  The major 
p rob lems  were t h e r m a l  i s o l a t i o n  be tween  t h e  w a r m  o i l  a n d  t h e  
c o l d  e n v i r o n m e n t ,  c o n s t r u c t i o n  on p e r m a f r o s t ,  f r o z e n  r i v e r  
c r o s s i n g s ,  t r a n s p o r t a t i o n  and  l o g i s t i c s ,  l o w  human e f f i c i e n c y  , 
and  t h e  s t r i n g e n t  Arctic e n v i r o n m e n t a l  c o n c e r n s .  

The p i l o t  p r o j e c t  w a s  o f  p a r t i c u l a r  i n t e res t  t o  t h i s  

s t u d y  b e c a u s e  i t  is t h e  f i r s t  o f f s h o r e  g a s  p i p e l i n e  i n  t h e  
Canadian  Arct ic  I s l a n d s .  T h i s  w a s  d e s i g n e d  f o r  P a n a r c t i c  O i l  

Company by R .  J .  Brown and Associates and  c o m p l e t e d  i n  t h e  
w i n t e r  o f  1978. The p i p e l i n e  is  1 . 2  km ( 0 . 7 5  mi )  l o n g  and  

c o n n e c t s  a n  o f f s h o r e  w e l l  w i t h  M e l v i l l e  I s l a n d .  I t  c o n s i s t s  
o f  a b u n d l e  o f  p i p e s  e n c l o s e d  i n  a 0.46m (18 i n )  d i a m e t e r  
ca r r i e r  p i p e .  Var ious  p a p e r s  on  t h e  s u b j e c t  w e r e  p u b l i s h e d  

(Brown, 1 9 7 7 ,  7 8 ,  79;  K a u s t i n e n ,  1976 ;  P a l m e r ,  1 9 7 9 ) .  A 

s p e c i a l  method of t r e n c h i n g  and  p i p e - l a y i n g  w a s  employed u s i n g  

ice  s u r f a c e  a s  t h e  work b a s e .  Unique d e s i g n s  and  c o n s t r u c t i o n  
t e c h n i q u e s  were u s e d  i n  t h e  s u b s e a  w e l l h e a d  c o n n e c t i o n ,  i n  t h e  
s p l a s h  z o n e  and  i n  b e a c h  area c r o s s e d  by t h e  p i p e .  

1-1 



The e x p e r i e n c e  o f  t h e s e  t w o  p r o j e c t s  form a t e c h n o l o g y  
base f o r  Arctic p i p e l i n e s .  The r e v i e w  of t h e  s t a t e  of t e c h-  
no logy  w i l l  be c o n f i n e d  t o  t h o s e  areas a f f e c t e d  by  t h e  Arctic 
o f f s h o r e  e n v i r o n m e n t .  They are: 

A .  Materials a n d  Welding P r o c e s s e s  
B .  P i p e  Lay ing  
C.  T r e n c h i n g  
D .  T i e - I n s  a n d  R e p a i r s  
E .  Sea-Bottom P r o t e c t i o n  
F.  M o n i t o r i n g  and  S u r v e i l l a n c e  
G .  E n v i r o n m e n t a l  Impacts 
H.  Economics of  Arctic P i p e l i n e s  

Each of t h e s e  areas are d i s c u s s e d  i n  t h e  f o l l o w i n g  
p a r a g r a p h s .  

A .  MATERIALS AND WELDING PROCESSES 

Low t e m p e r a t u r e s  o f  t h e  Arctic p o s e  s p e c i a l  r e q u i r e m e n t s  
f o r  p i p e l i n e  mater ia ls  t o  a v o i d  t h e  b r i t t l e  f r a c t u r e  a s s o c i a t e d  
w i t h  h i g h  l o c a l i z e d  stresses. D u r i n g  t r a n s p o r t a t i o n ,  s t o r a g e  
and  i n s t a l l a t i o n ,  p i p e  material  w i l l  be s u b j e c t e d  t o  tempera-  
t u r e s  as  low as  minus  5 0 ° C  (minus  60'F). S u i t a b l e  material 
s h o u l d  be selected t o  p r e v e n t  b r i t t l e  f r a c t u r e  a t  t h e  a n t i c i -  
pated stress l e v e l s .  Low- tempera ture  mater ia l  p r o p e r t i e s  and  
tests t o  d e m o n s t r a t e  material f r a c t u r e  t o u g h n e s s  are d i s c u s s e d  
on p a g e s  4-1 t h r o u g h  4- 5. 

The l o w  t e m p e r a t u r e  f r a c t u r e  p rob lem w a s  r e c o g n i z e d  i n  
b o t h  p r o j e c t e d  and  i n s t a l l e d  Arctic p i p e l i n e s .  API X 6 0 ,  X 6 5 ,  
and  X 7 0  s t ee l s  were u s e d  i n  t h e  A l y e s k a  p i p e l i n e  and  were 
r e q u i r e d  t o  have  a minimum Charpy V-Notch impac t  e n e r g y  of 
685 (50 f t - l b )  a v e r a g e  and  475 (35 f t - l b )  minimum a t  minus  
10°C (14'F). I n  a d d i t i o n ,  t h e  Drop Weight Tear T e s t  (DWTT), 
based on  f r a c t u r e  a p p e a r a n c e  c r i t e r i a  on f u l l  t h i c k n e s s  p i p e  
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spec imens ,  w a s  performed t o  i n s u r e  a g a i n s t  b r i t t l e  f r a c t u r e .  
API 5LX s t ee l  was used  i n  t h e  P a n a r c t i c  g a s  p i p e l i n e  and w a s  
r e q u i r e d  t o  have a minimum Charpy V-Notch impact  ene rgy  of  

345 ( 2 5  f t - l b )  a t  minus 5 0 ° C  (minus 6 0 ° F ) .  

The proposed Alaskan Arct ic  Gas P i p e l i n e  ( r e p l a > e d  by 

Alcan p i p e l i n e )  i n t e n d e d  t o  u s e  API X70 s teel  f o r  t h e  1.22m 

(48  i n )  diameter p i p e  w i t h  Charpy V-Notch impact  ene rgy  and 

DWTT f r a c t u r e  r e q u i r e m e n t s  t h a t  e n s u r e  a minimum amount of 
d u c t i l e  r u p t u r e  b a s e d  on p e r c e n t  of s h e a r .  

F i e l d  p i p e  we ld ing  and p i p e  bend ing  are o t h e r  p r o c e s s e s  

a f f e c t e d  by t h e  low t e m p e r a t u r e  of t h e  Arctic. The c o n t r o l  

of  t h e r m a l  i n p u t  d u r i n g  we ld ing  is i m p o r t a n t  f o r  h igh- grade  
welds .  E x c e s s i v e  h e a t  i n p u t  may cause a s u b s t a n t i a l  r e d u c t i o n  

o f  f r a c t u r e  toughness  i n  t h e  h e a t  a f f e c t e d  zone b e c a u s e  of  
g r a i n  growth.  I n s u f f i c i e n t  h e a t  i n p u t  c o u l d  cause l o c a l  hard-  
e n i n g  of t h e  mate r ia l ,  l e a d i n g  t o  b r i t t l e  f r a c t u r e  s u s c e p t i -  

b i l i t y  by t h e  f o r m a t i o n  of untempered mar tens i t e  ( C h a n d l e r ,  
1976) .  

Above-ground we ld ing  o f  p i p e s  i n  t h e  Arctic is u s u a l l y  
done i n  p r o t e c t e d  e n c l o s u r e s  w i t h  p i p e  p r e h e a t i n g ,  when nec-  
essary .  I n  t h e  c o n s t r u c t i o n  of t h e  TAPS, a s p e c i a l  we ld ing  

machine w a s  developed f o r  p i p e  a l ignment  b e f o r e  a u t o m a t i c  
we ld ing  of p i p e  s e c t i o n s  (Hanamoto, 1978) .  The P a n a r c t i c  g a s  
l i n e  w a s  welded i n  a s p e c i a l l y - c o n s t r u c t e d  h e a t e d  enc losure  
( P a l m e r ,  1 9 7 9 ) .  There is a t r e n d  i n  t h e  p i p e l i n e  i n d u s t r y  f o r  

au tomat ion  of  p i p e  a l ignment  combined w i t h  m u l t i- p a s s  we ld ing  

c o n t r o l l e d  by a computer .  Such equipment ,  employing h o t- w i r e ,  
g a s  t u n g s t e n  arc  we ld ing  (GTAW), h a s  been d e s c r i b e d  ( M e r r i c k ,  
1 9 7 8 ) .  

The q u a l i t y  o f  t h e  welds  is c r i t i c a l  t o  p i p e l i n e  i n t e g r i t y  
and i t  is commonly a c c e p t e d  t h a t  100 p e r c e n t  n o n- d e s t r u c t i v e  

t e s t i n g  ( r a d i o g r a p h i c  u s u a l l y )  o f  welds  w i l l  b e  done f o r  o f f s h o r e  
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p i p e l i n e s .  TAPS ( a l t h o u g h  a n  o n s h o r e  p i p e l i n e )  and P a n a r c t i c  
p i p e l i n e s  fo l lowed  t h a t  r u l e .  

S i m i l a r  c a u t i o n  was a p p l i e d  t o  f i e l d  bend ing  of  Arctic 
p i p e l i n e s .  For example,  Alyeska developed a s p e c i a l  machine 
i n  which p r e h e a t e d  p i p e s  were b e n t  t o  t h e  r e q u i r e d  c l o s e l y  

c o n t r o l l e d  c u r v a t u r e  (Hanamoto, 1978). 

B .  PIPE LAYING 

Development i n  t h e  l a s t  decade  of o f f s h o r e  o i l  and g a s  
r e s e r v o i r s  r e s u l t e d  i n  a growing network o f  underwate r  p i p e-  
l i n e s  and r a p i d  development i n  p i p e- l a y i n g  t echno logy .  T h i s  
p r o g r e s s  w a s  c e n t e r e d  around l a y i n g  p i p e s  i n  g r e a t e r  water 
d e p t h s ,  improvements i n  t h e  r a t e  of  l a y i n g ,  and increases i n  
l e n g t h  and d i a m e t e r .  Not a l l  o f  t h i s  p r o g r e s s  is a p p l i c a b l e  
t o  Arctic o f f s h o r e .  I n  t h e  Arctic,  i t  is a n t i c i p a t e d  t h a t  
most o f  t h e  hydrocarbon d i s c o v e r i e s  w i l l  b e  i n  water d e p t h s  
o f  less t h a n  30m (100 f t )  f o r  t h e  nex t  one  o r  t w o  d e c a d e s .  
The l e n g t h  and d i a m e t e r  of  p i p e l i n e s  are n o t  e x p e c t e d  t o  b r e a k  
any r e c o r d s  s i n c e  t h e  d i s t a n c e s  t o  o f f s h o r e  f a c i l i t i e s  are 
e x p e c t e d  t o  b e  less  t h a n  80  km (50 mi)  i n  t h e  Alaskan B e a u f o r t  
Sea and t h e  p i p e  d i a m e t e r  a n t i c i p a t e d  t o  b e  less  t h a n  1.22m 
( 4 8  i n ) .  However, a r a p i d  ra te  of  p i p e- l a y i n g  would be  of 
i n t e r e s t  i n  t h e  Arct ic  due t o  t h e  s h o r t n e s s  of t h e  working 
season. ( S e e  S e c t i o n  1 V . B ) .  

F i g u r e  1-1 p r e s e n t s  a b r i e f  r ev iew of f o u r  d i f f e r e n t  
methods of p i p e- l a y i n g  developed f o r  non- Arct ic  o p e r a t i o n s .  

The Bottom P u l l  Method i s  shown i n  F i g u r e  1- la .  Lengths  
o f  p i p e  s e c t i o n s  are welded onshore  and t h e n  p u l l e d  a l o n g  t h e  
sea bo t tom,  from one t e r m i n u s  t o  t h e  o t h e r .  A winch f i r m l y  

anchored on a b a r g e  is used  as t h e  p u l l i n g  f o r c e .  T h e  l e n g t h  
of  t h e  p i p e l i n e  p u l l e d  is l i m i t e d  by  t h e  power of  t h e  winch 
and t h e  a l l o w a b l e  t e n s i o n  i n  t h e  p i p e .  To r e d u c e  t h e  winch 
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l o a d i n g  and p i p e  t e n s i o n ,  a p a r t  of t h e  p i p e  can  b e  made buoy- 
a n t  and l i f t e d  o f f  t h e  sea bottom by u s i n g  f l o a t s  connec ted  t o  
t h e  p i p e .  S p e c i a l  p r e c a i i t i o n s  must be  t a k e n  t o  p r e v e n t  t h e  

damage t o  t h e  p i p e  c o a t i n g  d u r i n g  t h e  p u l l  o p e r a t i o n .  T h i s  
method, w i t h  advan tages  o f  s i m p l i c i t y  and economy, is  l i m i t e d  

t o  r e l a t i v e l y  s h o r t  o f f s h o r e  d i s t a n c e s  because  o f  a r a p i d  
increase o f  p u l l i n g  f o r c e  w i t h  d i s t a n c e  (Lamb, 1976;  Brown, 

1977) .  

I n  t h e  F l o t a t i o n  Method ( F i g u r e  1 - l b ) ,  p i p e  s e c t i o n s  a re  
welded i n t o  a number o f  long  s t r i n g s  o n s h o r e .  F l o a t s  are  
a t t a c h e d  t o  p r o v i d e  buoyancy and t h e  s t r i n g s  t h e n  are towed 

i n t o  p o s i t i o n ,  A b a r g e  h o l d s  one  end o f  a l a i d  s t r i n g  u n t i l  
t h e  n e x t  one a r r ives  and is t i e d - i n .  F l o a t s  are r e l e a s e d  
a u t o m a t i c a l l y  t o  lower  t h e  p i p e  t o  t h e  bot tom (Lamb, 1 9 7 6 ) .  
An advan tage  o f  t h i s  method i s  t h a t  i t  does  n o t  l i m i t  p i p e l i n e  

l e n g t h  and p e r m i t s  a f a s t  p i p e- l a y i n g  r a t e  i f  t h e  b a r g e  can  be  
moved r a p i d l y  enough t o  i ts  n e x t  p o s i t i o n .  A d i s a d v a n t a g e  is 

i ts  s e n s i t i v i t y  t o  sea s t a t e  ( L o c k r i d g e ,  1 9 7 7 ) .  

The Reeled  P i p e  Method is shown i n  F i g u r e  1- lc .  I n  t h i s  

c a s e ,  t h e  p i p e  is f a b r i c a t e d  i n t o  a c o n t i n u o u s  l e n g t h  and 

s p o o l e d  o n t o  a l a r g e- d i a m e t e r  r ee l .  T h e  l i n e  is l a i d  by un- 
winding t h e  ree l  from a moving b a r g e ,  i n  a manner  s i m i l a r  t o  

c a b l e  l a y i n g .  Tension i s  a p p l i e d  by p i p e  t e n s i o n e r ( s )  t o  
l i m i t  t h e  s a g  i n  t h e  p i p e l i n e  which is p a r t i c u l a r l y  c r i t i c a l  
i n  deep waters (Lamb, 1 9 7 6 ) .  The p r o c e s s  c o n t i n u e s  u n t i l  t h e  

reel is empty, and r e p e a t e d  a f t e r  t h e  reel i s  r e f i l l e d  on t h e  

s h o r e .  S i n c e  o n l y  s m a l l  amounts o f  p l a s t i c  (1 t o  2% s t r a i n )  

d e f o r m i t i e s  o f  t h e  p i p e  are a l l o w e d ,  t h e  reel d i a m e t e r  must  be  

l a r g e  and t h e  p i p e  s i z e  s m a l l .  A t  p r e s e n t ,  p i p e s  up t o  0.3m 
(12 i n )  d i a m e t e r  have  been i n s t a l l e d  by t h i s  method, a l t h o u g h  
d e s i g n s  are a v a i l a b l e  t o  i n s t a l l  0.6m (24  i n )  d i a m e t e r  p i p e  
( L o c k r i d g e ,  1 9 7 7 ) .  A l s o ,  a t  p r e s e n t ,  equipment is a v a i l a b l e  
( S a n t a  Fe Apache S t r i p )  t o  reel- lay p i p e s  up t o  0.4m (16  i n )  
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d i a m e t e r  ( H a l e ,  1977) .  The a d v a n t a g e  of t h i s  method i s  a 
r a p i d  r a t e  o f  p i p e - l a y i n g ,  i t s  d i s a d v a n t a g e  i s  l i m i t e d  p i p e  
d i a m e t e r  and  i n a b i l i t y  t o  l a y  concre te  c o a t e d  p i p e s .  

The Lay Ba rge  Method ( F i g u r e  1 - l d )  is m o s t  commonly-used 

t o  l a y  l a r g e r - d i a m e t e r  p i p e s  i n  t h e  open sea. P i p e  s e c t i o n s  

are  j o i n e d  on  t h e  b a r g e  i n  m u l t i p l e  w e l d i n g  s t a t i o n s  so  t h a t  
t h e  l a y i n g  p r o c e s s  is  c o n t i n u o u s  w i t h  i n t e r m i t t e n t  b a r g e  move- 

men t .  R a d i o g r a p h i c  i n s p e c t i o n  o f  welds and  c o a t i n g  of welded  

j o i n t s  a re  a p a r t  of t h i s  p r o c e s s .  The b a r g e  is  advanced  
p e r i o d i c a l l y  by w i n c h i n g  i n  t h e  a n c h o r  l i n e s  and  t h e  p i p e  i s  
l o w e r e d  t h r o u g h  a pon toon  s u p p o r t  ( s t i n g e r )  o r  by  i n c l i n e d  
ramps .  T e n s i o n  is  a p p l i e d  t o  t h e  p i p e  t o  c o n t r o l  i ts  sag  
c u r v a t u r e  and b e n d i n g  stresses. 

P i p e - l a y i n g  i n  t h e  Arct ic  o f f s h o r e  r e g i o n s  r e q u i r e s  

i n n o v a t i o n s  a n d / o r  m o d i f i c a t i o n s  of t h e  e x i s t i n g  me thods .  

D u r i n g  open- wa te r  s e a s o n ,  l a y  b a r g e s  c o u l d  h e  u s e d  w i t h  re- 
i n f o r c e d  h u l l s  t o  w i t h s t a n d  t h e  impac t  of s m a l l  ice  f l o e s .  

B e c a u s e  o f  t h e  s h o r t  d u r a t i o n  o f  t h a t  p e r i o d  i t  may b e  neces- 
s a r y  t o  d i g  t h e  t r e n c h  f o r  a b u r i e d  p i p e  i n  t h e  p r ev ious  
season.  Ano the r  a l t e r n a t i v e  of a b o t t o m  t o w ,  i s  shown i n  
F i g u r e  1- 2 .  I t  i s  assumed t h a t  a l e n g t h  o f  a p i p e  h a s  t o  b e  

i n s t a l l e d  j o i n i n g  a p r e v i o u s l y  l a i d  n e a r s h o r e  p i p e  w i t h  an 

o f f s h o r e  s t r u c t u r e .  A g a i n ,  because o f  t h e  s h o r t  s e a s o n ,  p i p e-  
l i n e  s t r i n g s  are s t o r e d  i n  a t r e n c h  f r o m  p r e v i o u s  s e a s o n s ,  

r e a d y  f o r  immed ia t e  i n s t a l l a t i o n .  An i c e - s t r e n g t h e n e d  v e s s e l  

d e p l o y s  a plow t o  c u t  a t r e n c h  a n d  p u l l s  t h e  s t r i n g s  i n t o  
p o s i t i o n  as shown. S t r i n g s  c a n  b e  j o i n e d  by w e l d i n g  o r  by 
m e c h a n i c a l  c o n n e c t o r s  a n d  t h i s  t e c h n i q u e  allows t h e  appl ica-  
t i o n  o f  b o t t o m  p u l l  method t o  l o n g e r  p i p e l i n e s .  

D u r i n g  t h e  l o n g  Arctic w i n t e r  s e a s o n  a d v a n t a g e  c o u l d  be 

t a k e n  o f  t h e  i c e ,  which c o v e r s  t h e  sea 80 percent  of t h e  y e a r ,  
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as a work p l a t f o r m .  A p i p e - l a y i n g  t e c h n i q u e  based on t h i s  

a p p r o a c h  i s  shown i n  F i g t i r e  1-3.  T h i s  i n v o l v e s  a p i p e  p u l l i n g  

t e c h n i q u e  where t h e  p i p e l i n e  is as sembled  o n s h o r e  and  i s  p u l l e d  

t o  an o f f s h o r e  l o c a t i o n .  P i p e  s t r i n g s  o f  a p p r o x i m a t e l y  o n e  

m i l e  i n  l e n g t h  are welded on a s h o r e  ramp t o  form a c o n t i n u o u s  

s t r i n g  o f  up t o  10 m i l e s  l o n g .  Winches o r  g r i p p e r  j a c k s  are 
p l a c e d  on t h i c k e n e d  ice p l a t f o r m s ,  and  a s p e c i a l l y  d e s i g n e d  

t r e n c h e r  is u s e d  t o  c u t  a s l o t  i n  t h e  i ce  f o r  t h e  p u l l  cables .  
The c a b l e  is a t t a c h e d  t o  t h e  p i p e  s t r i n g  head  and  t o  a surface  
s l e d .  The: s l e d  i s  p u l l e d  by a p a i r  o f  w i n c h- o p e r a t e d  s u r f a c e  

cables anchored  t o  g r i p p e r  j a c k s .  T h i s  method is Arct ic  adap-  

t a t i o n  o f  bo t tom t o w  t e c h n i q u e s  and  o f f e r s  s i m i l a r  a d v a n t a g e s  

and l i m i t a t i o n s .  

Such a method w a s  d e v e l o p e d  by R .  J .  Brown and  A s s o c i a t e s  

i n  t h e  i n s t a l l a t i o n  of t h e  P a n a r c t i c  g a s  l i n e  ( P a l m e r ,  1 9 7 9 ) .  

With t h e  bo t tom tow,  t h e  c o n n e c t i o n  o f  t h e  p i p e  t o  t h e  w e l l h e a d  

c a n n o t  e a s i l y  b e  done by d i r e c t  p u l l  b e c a u s e  t h e  l i n e  would 

t e n d  t o  s t i c k  a n d  t h e n  t o  s u r g e  f o r w a r d  i n  an u n c o n t r o l l e d  

manner ( P a l m e r ,  1979).  To a v o i d  t h i s ,  a l a t e r a l  p u l l  t e c h n i q u e  

w a s  employed by R .  J .  Brown a n d  Associates f o r  t h e  P a n a r c t i c  

g a s  l i n e .  The p i p e l i n e  f i r s t  w a s  p u l l e d  s t r a i g h t  t o  a t a r g e t  

d i s p l a c e d  l a t e r a l l y  5 5 m  (180 f t )  f rom t h e  w e l l h e a d .  By means  
o f  a s e p a r a t e  ice- mounted winch ,  i t  t h e n  w a s  p u l l e d  s i d e w a y s  

f o r m i n g  an  a r c  u n t i l  t h e  p i p e h e a d  m e t  t h e  w e l l h e a d  ( F i g u r e  1-4). 
A d e t a i l e d  d e s c r i p t i o n  of  t h e  p r o c e s s  is a v a i l a b l e  (Brown, 

1 9 7 7 ) .  

For s h o r t  l i n e s ,  t h e  p i p e  may b e  made up on t h e  ice  and  

lowered  i n t o  p o s i t i o n  t h r o u g h  a t r e n c h e d  s l o t  i n  t h e  ice .  T h i s  

method is most  s u i t a b l e  i n  s h a l l o w  p r o t e c t e d  waters  h a v i n g  a 
smooth non-moving i c e  c o v e r  o f  n e a r  u n i f o r m  t h i c k n e s s .  

I n  c o n t r a s t  t o  t h e  s h e l t e r e d  n e a r l y - s t a t i c  i ce  i n  t h e  

P a n a r c t i c  g a s  l i n e  area ,  t h e  ice  s u r f a c e  i n  t h e  B e a u f o r t  S e a  

p a r t i c u l a r l y  o u t s i d e  t h e  Barr ier  I s l a n d s  is dynamic ,  and  s m a l l  
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Figure 1-3. Pipe Laying From Ice Dur ing Winter Season (R. J. Brown, 1979) 
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t o  large movements o c c u r  f r e q u e n t l y .  T h i s  must be t a k e n  i n t o  
account  i n  any o p e r a t i o n  i n v o l v i n g  c o n s t r u c t i o n  on ice,  and 
s u i t a b l e  c o n t i n g e n c i e s  p rov ided  f o r .  

I n  p i p e- l a y i n g  t echno logy  there are f o u r  areas r e q u i r i n g  
c a r e f u l  a n a l y s e s  and s o l u t i o n :  (1) p r e d i c t i o n  of p i p e  stress 
d u r i n g  i n s t a l l a t i o n ;  ( 2 )  c o n t r o l  and knowledge of e x a c t  p i p e  
l o c a t i o n  th roughou t  t h e  o p e r a t i o n  ( i m p o r t a n t  when l a y i n g  i n t o  
p re- t renched  d i t c h ) ;  ( 3 )  j o i n i n g  w i t h  an o f f s h o r e  r i s e r ;  and ,  
( 4 )  p r o t e c t i o n  of a p p l i e d  c o a t i n g s .  The  t echno logy  f o r  Arctic 
o f f s h o r e  p i p e- l a y i n g  is i n  i ts  i n f a n c y ,  b u t  t h e  s t r o n g  t e c h n i -  
cal base a c q u i r e d  from o f f s h o r e  ope ra t ions  i n  o t h e r  areas g i v e s  
a r e a s o n a b l e  a s s u r a n c e  t h a t  p i p e- l a y i n g  i n  t h e  B e a u f o r t  Sea can  
be accompl ished s u c c e s s f u l l y .  

C .  TRENCHING 

Trench ing  i n  Arctic waters can be done w i t h  e x i s t i n g  
equipment a l t h o u g h  i n  some cases, it must be modi f i ed  f o r  ice 
o p e r a t i o n  and t o  w i t h s t a n d  t h e  s e v e r e  Arctic envi ronment .  
T h i s  s u b j e c t  is  covered  w e l l  i n  l i t e r a t u r e  ( M e l l o r ,  1978;  
Brown, 1977; Lockr idge ,  1977;  and Hi ronaka ,  1974) .  

P r e- t r e n c h i n g  ( p r e p a r a t i o n  o f  a t r e n c h  b e f o r e  t h e  p i p e  
is l a i d )  may be advantageous  i n  t h e  Arctic because  i t  c o u l d  
be done i n  one  s e a s o n  and t h e  p i p e  l a i d  i n  t h e  n e x t .  The 
s m a l l  amount o f  s o i l  movement o c c u r r i n g  on most of  t h e  B e a u f o r t  
Sea bottom p r o v i d e s  a s s u r a n c e  t h a t  t h e  t r e n c h  w i l l  r ema in  open ,  
r e q u i r i n g  o n l y  a c l e a n u p  b e f o r e  p i p e- l a y i n g .  However, w i t h  

p r e- t r e n c h i n g ,  t h e  p i p e- l a y i n g  must be a c c u r a t e ,  and t h e  p i p e  
must be gu ided  t o  f i t  i n t o  t h e  t r e n c h .  The p r e- t r e n c h i n g  can  
be performed w i t h  s u c t i o n  c u t t e r  dredges,  bucke t  dredges,  clam 
s h e l l s ,  backhoes or plows.  Most o f  these d e v i c e s ,  e s p e c i a l l y  
t h e  c u t t e r  dredges and backhoes, c o u l d  t r e n c h  i n  t ' s o f t t t  perma- 
f r o s t ,  b u t  t h e  u s e  of plows may n o t  be feasible  i n  t h i s  t y p e  
of  s o i l  u n l e s s  preceded by a r i p p e r  plow. Where p l o w i n g  is 
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p o s s i b l e ,  t h e  equipment  employed w i l l  depend  v e r y  much on  t h e  

b e a r i n g  s t r e n g t h  o f  t h e  s e a b e d .  For i n s t a n c e ,  F i g u r e  1-5 
shows a plow f o r  s t i f f  c l a y ,  and F i g u r e  1-6 a plow w i t h  a 
l a r g e  b e a r i n g  surface f o r  s o f t  c l a y s .  

A few words  s h o u l d  be s a i d  about t r e n c h i n g  i n  "ha rd"  
p e r m a f r o s t  o r  i n  r o c k .  The m a i n  methods  u s e d  h e r e  are d r i l l -  

i n g  o r  b l a s t i n g  w i t h  s h a p e  c h a r g e s  ( M e l l o r ,  1 9 7 8 ) .  A success- 
f u l  deve lopmen t  o f  c o n t r o l l e d  s h a p e  c h a r g e  b l a s t i n g  i n  f rozen 
g round  h a s  been d e s c r i b e d  ( O r i a r d ,  1 9 7 9 ) .  

P o s t - t r e n c h i n g  is done  a f t e r  a p i p e l i n e  i s  l a i d  on t h e  

b o t t o m .  I t s  c h i e f  a d v a n t a g e  is  t h e  e l i m i n a t i o n  of problems 
i n v o l v e d  w i t h  a c c u r a t e  p l a c e m e n t  of a p i p e l i n e  i n  a t r e n c h .  
Here, g r a v i t y  c a u s e s  a p i p e  t o  s i n k  i n t o  a t r e n c h  dug  be low 
i t .  P o s t - t r e n c h i n g  c a n  b e  p e r f o r m e d  by s t r a d d l i n g  t h e  p i p e  

w i t h  a p low,  o r  w i t h  a s l e d  c a r r y i n g  p o w e r f u l  water j e t s  and  

a s p o i l  removal  s y s t e m .  The s l e d  is p u l l e d  a long t h e  p i p e l i n e  
r o u t e  b y  a s u r f a c e  b a r g e  c o n t a i n i n g  h i g h- p r e s s u r e  water pumps 

c o n n e c t e d  by h o s e s  t o  t h e  nozzles on  a s l e d .  The c u t t i n g s  are  
removed by a i r l i f t ,  s u c t i o n- d r e d g e  pump, o r  water e d u c a t i o n  

( L o c k r i d g e ,  1 9 7 7 ) .  F i g u r e  1- 7 shows a t y p i c a l  water j e t -  
t r e n c h i n g  a r r a n g e m e n t .  T h e r e  is on- going  deve lopment  w i t h  

j e t - t r e n c h i n g  f o r  deep  waters,  and  s e l f - c o n t a i n e d  s l e d s  w i t h  
e l ec t r i ca l ly  d r i v e n  water pumps are now b e i n g  t e s t e d  (Brown, 
1 9 7 7 ) .  

I n  v iew o f  t h e  t e c h n o l o g y  a v a i l a b l e ,  t r e n c h i n g  i n  t h e  
B e a u f o r t  S e a  f o r  o f f s h o r e  o i l / g a s  p i p e l i n e s  s h o u l d  n o t  p r e s e n t  

any  major p r o b l e m s .  T r e n c h i n g  i n  o n s h o r e  p e r m a f r o s t ,  i n  p a r-  

t i c u l a r ,  w a s  c a r r i e d  o u t  s u c c e s s f u l l y  o n s h o r e  over many m i l e s  
of t h e  TAPS. 
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Figure 1-5. Typical Plow for Stiff Clay (R, J, Brown, 1979) 
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Figure 1-6. Plow for Soft Clay or Granular Soils with Typical Trench 
(R. J. Brown, 1979) 
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Figure 1-7. High Pressure Pipe Jetting (R. J. Brown, 1979) 
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D .  TIE-INS AND PIPE REPAIRS 

J o i n i n g  s e c t i o n s  of a p i p e  t o  f o r m  a s t r i n g ,  t h e n  c o n n e c t-  
i n g  s t r i n g s  t o  p r o d u c e  a p i p e l i n e  and  f o r m i n g  j o i n t s  be tween  
t h e  pipe a n d  an  o f f s h o r e  riser a l l  have  r e c e i v e d  a g r e a t  deal 
o f  a t t e n t i o n  i n  o f f s h o r e  p i p e l i n e  t e c h n o l o g y .  The j o i n t s  c a n  
be m e c h a n i c a l  c o n n e c t o r s ,  f o r g e d  c o n n e c t i o n s  or weldments .  
P r e s e n t l y ,  w i t h  t h e  deve lopment  of u n d e r w a t e r  t e c h n i q u e s ,  weld-  

i n g  of p i p e  s e c t i o n s  a n d  p i p e  s t r i n g s  is t h e  preferred method 

f r o m  a r e l i a b i l i t y  s t a n d p o i n t .  

P i p e  t i e - i n s  a n d  repairs  can  be done  e i the r  on t h e  s u r -  
face o r  o n  t h e  sea b o t t o m .  The f i rs t  method i n v o l v e s  l i f t i n g  
t h e  p i p e  e n d s  o r  s e c t i o n  of p i p e  n e e d i n g  r e p a i r  o n t o  a b a r g e  
where  t h e  r e q u i r e d  w e l d i n g  is d o n e .  F i g u r e  1-8 i l l u s t r a t e s  
t h i s  p r o c e d u r e .  A d e t a i l ed  d e s c r i p t i o n  o f  deep-water p i p e l i n e  
t i e - i n  i n  t h e  Nor th  S e a ,  and  t h e  u s e  of  a c u r v e d  t i e - i n  s p o o l  
piece,  have  been  reported (Swank, 1979). Of c o u r s e ,  m e c h a n i c a l  
j o i n t s ,  s u c h  as  t h o s e  d e s c r i b e d  be low,  a lso  c o u l d  be u s e d ,  b u t  
w h e r e  t e c h n i c a l l y  f e a s i b l e ,  s u r f a c e  weldments  are c o n s i d e r e d  
more e c o n o m i c a l  and r e l i ab le .  I n  deep water,  r e p a i r i n g  o r  
j o i n i n g  of p i p e s  is pe r fo rmed  on t h e  sea b o t t o m  where t h e  p ipe  

e s s e n t i a l l y  is l e f t  i n  s i t u ,  a n d  a separate p i e c e  i s  e i ther  
welded  o r  m e c h a n i c a l l y  j o i n e d  t o  t h e  p i p e  e n d s .  

A l l  m e c h a n i c a l  c o n n e c t o r s  p r e s e n t l y  r e q u i r e  some d i v e r ' s  
a s s i s t a n c e .  T y p i c a l  m e c h a n i c a l  c o n n e c t o r s  which r e q u i r e  t h e  

leas t  s u r f a c e  s u p p o r t  equipment  are  shown i n  F i g u r e s  1-9 and  
1-10. B o t h  r e l y  on a b a l l  and  s o c k e t  f o r  a n g u l a r  a l i g n m e n t  
and  i n c l u d e  h y d r a u l i c a l l y  assisted l o c k i n g  d e v i c e s .  

A v a r i a t i o n  of t h e  b a l l  and  socket j o i n t  i s  t h e  weldba l l  

i n  which a b a l l  a n d  socket are a l i g n e d  and  t h e n  t h e  b a l l  j o i n t  
i s  welded  i n  s i t u  w i t h  d i v e r  a ss i s tance .  
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(R. J. Brown, 197 9) Figure 1-8. Surface 



NOTES: 
I BOTTOM MANIPULATING FRAME (i3MF) POSITIONED ONTO PIPELINE OR 

SPOOL PIECE. 
HYDRO-BALL MALE AND FEMALE SECTIONS ARE CONNECTED BY USING 
HYDROCOUPLE HYDRAULIC R A M S  CN THE SPOOL PIECE 

2 

LHYORAULIC RAMS 

Figure 1-9. Mechanical Bal l  and Socket Connector (R. J. Brown, 1979) 
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Figure 1-10. Diveriess Mechanical Connection (R. J. Brown, 1979) 
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Underwater  w e l d i n g ,  which h a s  unde rgone  s u b s t a n t i a l  
deve lopment  r e c e n t l y ,  c a n  b e  e i t h e r  "dry"  o r  " w e t . "  The d r y  
w e l d i n g  is pe r fo rmed  i n  a h a b i t a t  which is  e i t h e r  a t  h y p e r b a r i c  

p r e s s u r e  ( i . e . ,  p r e s s u r e  e q u a l  t o  t h e  h y d r o s t a t i c  p r e s s u r e  a t  
a g i v e n  d e p t h  m a i n t a i n e d  w i t h  e i t h e r  b r e a t h a b l e  o r  i n e r t  g a s  

w i t h  w e l d e r s '  own a i r  s u p p l y )  o r  i s  m a i n t a i n e d  a t  a t m o s p h e r i c  
p r e s s u r e ,  The u n d e r w a t e r  equipment  c o n s i s t s  o f  a f r a m e  f o r  

a l i g n i n g  t h e  p i p e  e n d s  and  t h e  h a b i t a t  where  w e l d i n g  is  p e r-  
formed.  F i g u r e  1-11 shows a h y p e r b a r i c  h a b i t a t  and  F i g u r e  

1-12 an  a t m o s p h e r i c  o n e .  

"Wet" p i p e  r e p a i r s  can  b e  made by u n d e r w a t e r  w e l d i n g  

(Redshaw, 1 9 7 8 ;  D e l a u n e ,  1978 ;  C o r r i a t t  and  Be l l amy ,  1 9 7 8 ;  
M e r r i c k ,  1 9 7 8 ) .  The p rob lems  a n d  s o l u t i o n s  t o  a s a t i s f a c t o r y  
w e t  w e l d i n g  t e c h n i q u e  h a v e  been  d i s c u s s e d  ( S t e p a t h ,  1 9 7 7 ) .  

The m a i n  d i f f i c u l t y  w a s  r a p i d  q u e n c h i n g  r e s u l t i n g  i n  hydrogen  

e n t r a p m e n t  i n  t h e  welded  area.  S u r r o u n d i n g  t h e  w e l d i n g  s p o t  

w i t h  a g a s  b u b b l e  and m a i n t a i n i n g  s t a b i l i t y  of t h i s  b u b b l e  w a s  
o n e  of t h e  a p p r o a c h e s  d i s c u s s e d .  An o v e r v i e w  o f  u n d e r w a t e r  

w e l d i n g  t e c h n i q u e s  (Mohr,  1978)  d e s c r i b e d  t h e  work o f  v a r i o u s  
companies  u s i n g  s u c h  methods  as  T I G  ( t u n g s t e n  i n e r t  g a s ) ,  SMAW 
( s h i e l d e d  m e t a l  a rc  w e l d i n g ) ,  GTAW ( g a s  t u n g s t e n  a rc  w e l d i n g ) ,  

and  GMAW ( g a s  metal a rc  w e l d i n g ) .  

Another  u n d e r w a t e r  method is e x p l o s i v e  w e l d i n g  (Redshaw, 
1 9 7 8 ) .  The a d v a n t a g e s  c l a i m e d  f o r  t h i s  are b o t h  i ts  s i m p l i c i t y ,  
s i n c e  no s k i l l e d  w e l d e r s  a re  r e q u i r e d ,  and  t h e  accurate c o n t r o l  

o f  t h e  impac t  p r e s s u r e  b e t w e e n  t h e  f l y e r  p l a t e  and  t h e  t a r g e t  
by t h e  gap  be tween  them. 

Thus ,  f o r  Arctic o f f s h o r e  p i p e l i n e s ,  v a r i o u s  o p t i o n s  are  
a v a i l a b l e  f o r  t i e - i n s  and  r e p a i r s .  Al though t h e  summer s e a s o n  
is  s h o r t ,  o n - s u r f a c e  weldments  c o u l d  b e  c o n s i d e r e d ,  a n d  t h e  

s h a l l o w n e s s  o f  t h e  water s h o u l d  make s u c h  a n  o p e r a t i o n  f a i r l y  
e a s y .  I n  t h e  w i n t e r  s e a s o n ,  when t h e  s u r f a c e  is  c o v e r e d  w i t h  
t h i c k  and  o f t e n  moving i c e ,  s u r f a c e  o p e r a t i o n  would b e  h a z a r d o u s .  
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Figure 1-11. Hyperbaric Welding Chamber (R. J. Brown, 1979) 
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Ip fecal buoy 

Figure 1-12. Subsurface Welded Connection at Atmospheric Pressure 
(R. J. Brown, 1979) 
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Underwater jo in t- comple t ion  w i t h  or  wi thout  d i v e r  assistance 
probably would be t h e  preferred method. Whether t h e  j o i n t  is 
mechanical o r  welded depends on t h e  l o c a t i o n  of t h e  p i p e ,  
climate c o n d i t i o n s ,  equipment a v a i l a b i l i t y ,  l o g i s t i c  s u p p o r t ,  
and t h e  economics of t h e  o p e r a t i o n ,  Whatever method is used ,  
t h e  o p e r a t i o n  should be planned w e l l  and completed i n  t h e  
s h o r t e s t  t i m e  p o s s i b l e  t o  m i n i m i z e  t h e  hazard  of ice movement. 

E.  SEA BOTTOM PIPELINE PROTECTION 

P r o t e c t i o n  of an Arctic o f f shore  p i p e l i n e  a g a i n s t  damage 
from ice scour ing  t h e  sea bottom is very important  and is d i s-  
cussed i n  Sec t ion  1 I . B .  

Both b u r i e d  and unburied p ipes  can be p r o t e c t e d  w e l l .  
Various methods a p p l i c a b l e  to unburied p i p e s  have been d i s-  
cussed (Mel lor ,  1978) and are shown i n  F igure  1-13. I n  one  
of these (F igu re  1-13a) t h e  p i p e  is b a l l a s t e d  w i t h  a d d i t i o n a l  
steel o r  i r o n ,  t h e n  covered w i t h  a r e i n f o r c e d  conc re t e  cover .  
P r o t e c t i o n  a g a i n s t  waves and c u r r e n t s  can  be provided by  either 
s tandard  c o n c r e t e  we igh t  c o a t i n g  o r  r e i n f o r c e d  c o n c r e t e  c o a t i n g .  
The weight coa t ing  can be shaped i n t o  t r a p e z o i d a l  form t o  m i n i-  
mize wave and c u r r e n t  generated l i f t  f o r c e s  (F igu re  1-13b). 
F i n a l l y ,  t h e  p ipe  could  be protected by a berm u s i n g  g r a n u l a r  
f i l l  and r i p r a p  (F igu re  1-13c). The bu r i ed  p ipe  is p r o t e c t e d  
by be ing  lowered i n t o  a t r e n c h  of s u f f i c i e n t  dep th  t o  sa feguard  
a g a i n s t  ice s c o u r ,  anchor f o u l i n g  or  s o i l  erosion i n  t h e  s u r f  
zone. Covering t h e  t r e n c h  may be necessary i n  some areas, such 
as sh ipp ing  l anes ,  beach approaches ,  o r  high- frequency ice 
s c o u r i n g  zones ,  t o  enhance  t h e  e f f i c i e n c y  of t h e  p r o t e c t i o n .  

For Arctic o f f s h o r e  p i p e s  t h e  c ross ing of a beach is 
p a r t i c u l a r l y  hazardous because ,  i n  a d d i t i o n  t o  t h e  s u r f a c e  
e r o s i o n ,  there  is t h e  p o s s i b i l i t y  of ice  invading  t h e  s h o r e ,  
s c r a p i n g  i t  and p i l i n g  up a t  some d i s t a n t  i s l a n d .  A s  ment ioned 
b e f o r e ,  on page 1-1, R. J .  Brown and Associates developed 
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A.  Bal las t ed  P i p e  with Reinforced C o n c r e t e  C o v e r s  

~ ~ O c e I O l d c l l  R b d o r c t d  Concrete 
Concrtfe Coahnp Armor 

B. Ba l l as ted  P i p e  with Dif ferent  C o n c r e t e  Coating s 

C. B e r m  P r o t e c t i o n  

Figure 1-13. Protection Arrangements for i lnbur ied Underwater Pipelines 
(Me1 lor, 1978) 
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specia l  p r e c a u t i o n s  w i t h  t h e  P a n a r c t i c  g a s  l i n e  by c o v e r i n g  
t h e  p ipe  w i t h  a mass ive ,  a r t i f i c i a l l y  formed block of ice and 
s o i l .  Another  s o l u t i o n  is  shown i n  F i g u r e  1-14b where t h e  
p i p e  i n  i t s  o n s h o r e  approach is  p l a c e d  i n  a s h o r t  t u n n e l  ex- 
c a v a t e d  b y  d i r e c t i o n a l  d r i l l i n g  from o n s h o r e .  I f  t h e  p i p e l i n e  
is n o t  v e r y  l o n g ,  a t u n n e l  t o  c o n t a i n  i t  may be c o n s i d e r e d  
( F i g u r e  1 -14e) .  O t h e r  methods o f  p r o t e c t i o n  shown i n  t h i s  
f i g u r e  have a l ready been d i s c u s s e d .  

I n  summary, t echno logy  f o r  p r o t e c t i o n  of Arctic o f f s h o r e  
p i p e l i n e s  is a v a i l a b l e ,  and t h e  method adopted  w i l l  depend on 
p i p e l i n e  l o c a t i o n  and t h e  economics o f  c o n s t r u c t i o n  and main-  
t e n a n c e ,  

I?. MONITORING AND SURVEILLANCE 

I n  m o n i t o r i n g  a p i p e l i n e  q u a n t i t a t i v e  performance  d a t a  
are o b t a i n e d  from i n s t r u m e n t s  located a t  a p p r o p r i a t e  p o i n t s  
( W i l l i a m s ,  1979).  S u r v e i l l a n c e ,  on t h e  o t h e r  hand ,  c o n s i s t s  
o f  v i s u a l  , a c o u s t i c  or magnet ic  o b s e r v a t i o n s  which p r o v i d e  
q u a l i t a t i v e  i n f o r m a t i o n  on p i p e l i n e  l o c a t i o n ,  s t r u c t u r a l  
i n t e g r i t y ,  and o i l / g a s  l eaks .  For o f f s h o r e  p i p e l i n e s ,  i n -  
s t r u m e n t a t i o n  u s u a l l y  is p r o v i d e d  on b o t h  underwate r  and on- 
s h o r e  l o c a t i o n s  t o  measure p r e s s u r e ,  f l o w  and t e m p e r a t u r e .  
Data are t r a n s m i t t e d  e i t h e r  c o n t i n u a l l y  or i n t e r m i t t e n t l y  t o  
a c e n t r a l  c o n t r o l  room. 

O f  special  in te res t  i n  t h e  Arctic p i p e l i n e s  is t h e  

development of  a " superp ig"  by t h e  Alyeska  P i p e l i n e  S e r v i c e  
Company t o  detect  any changes i n  t h e  c u r v a t u r e  of t h e  p ipe  
caused  by  p i p e  s a g g i n g  (Anderson,  1979). The s u p e r p i g  oper-  
ates  on t h e  d i f f e r e n t i a l  arc  method a n d  c o n s i s t s  of three 
s e c t i o n s ;  t h e  b a t t e r y ,  t h e  t r a n s d u c e r ,  and  t h e  i n s t r u m e n t a-  
t i o n  and data r e c o r d e r  p o r t i o n .  T e s t s  w i t h  t h e  s u p e r p i g  w e r e ,  
a t  p r e s e n t ,  n o t  s u c c e s s f u l  and f u t u r e  u s e  o f  t h i s  d e v i c e  is  
u n c e r t a i n .  
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Figure 1-14. Pipeline Protection Methods (R, J, Brown, 1979) 
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S u r v e i l l a n c e  o f  underwate r  p i p e l i n e s  c a n  be done e i t h e r  
from t h e  a i r ,  t h e  sea s u r f a c e ,  or underwate r .  Aerial s u r v e i l -  
l a n c e  would l o c a t e  o i l  leaks and p e r h a p s  g a s  l e a k s  i f  t h e y  were 
large.  I n  t h e  Arctic Ocean, where ice c o v e r s  t h e  water s u r f a c e  
most o f  t h e  y e a r ,  t h e  u s e f u l n e s s  o f  ae r i a l  s u r v e i l l a n c e  would 
b e  l i m i t e d  t o  t h o s e  cases where t h e  o i l  l e a k  is  l a r g e  enough 
t o  p e n e t r a t e  th rough  c r a c k s  i n  t h e  ice .  Although deve lopmenta l  
work is b e i n g  done th rough  ice o i l  d e t e c t o r s  ( S p i l l  Technology 
N e w s l e t t e r ,  Vo?..  4 ,  March-April 1979) u s e a b l e  equipment is n o t  
y e t  a v a i l a b l e .  

S u r v e i l l a n c e  from t h e  sea s u r f a c e  may be c a r r i e d  o u t  w i t h  
s ide- scan  s o n a r  equipment w i t h  t h e  s u p p o r t  o f  a s u r f a c e  v e s s e l .  
F i g u r e  1-15 shows a schematic ar rangement  o f  such  equipment .  
The e lectronic  p o r t i o n  is i n s t a l l e d  on t h e  s u r v e y  v e s s e l  and 
t h e  s o n a r  t r a n s d u c e r  " f i s h "  is towed beh ind  i t .  An a c o u s t i c  
overview p r o v i d e s  means  f o r  a s sessment  of any exposure  of t h e  
p i p e ,  e x t e n t  o f  b u r i a l  s c o u r i n g  i n  t h e  v i c i n i t y  of t h e  l i n e ,  
o b s t r u c t i o n ,  and l a r g e- s c a l e  p i p e  movement (Brown, 1 9 7 7 ) .  

Underwater i n s p e c t i o n  can b e  performed by d i v e r s ,  b y  
manned submar ines  o r  by unmanned t e t h e r e d  o r  s e l f - p r o p e l l e d  
underwater  v e h i c l e s .  S ide- scan s o n a r  and magnetometers  are  
used  and a c o u s t i c  t r a n s p o n d e r s  may be mounted n e a r  o r  a t  t h e  
p i p e  t o  assist i n  i t s  l o c a t i o n  (Brown, 1977;  Durand and 
S t a n k o f f ,  1 9 7 8 ) .  An underwate r  v e h i c l e  u s i n g  s i d e- s c a n  s o n a r  
is shown i n  F i g u r e  1-16. An echo sounder  m e c h a n i c a l l y  scans 
t h e  p i p e  i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  a x i s  o f  v e h i c l e  
t r a v e l ,  a t  40 t i m e s / s e c ,  measur ing  t h e  d i s t a n c e  t o  t h e  seabed  
w h i l e  s i m u l t a n e o u s l y  r e c o r d i n g  t h e  s c a n n i n g  a n g l e .  The  sea 
bottom p r o f i l e  o b t a i n e d  is shown i n  t h e  bot tom p a r t  of F i g u r e  
1-16. 
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Figure 1-15. Schematic of Side-Scan SONAR Equipment (R. J. Brown, 1977) 
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G. ENVIRONMENTAL IMPACTS 

The f r a g i l i t y  o f  Arctic terrestr ial  and marine b io t a  
r e q u i r e s  c a r e f u l  p l a n n i n g  of  any i n d u s t r i a l  o p e r a t i o n s  i n  
order t o  minimize env i ronmenta l  impact. The O u t e r  C o n t i n e n t a l  
She l f  Environmenta l  Assessment Program (OCSEAP) a d d r e s s e d  t h i s  
problem i n  many i n d i v i d u a l  and group s t u d i e s  d u r i n g  a number 
o f  years and  r e c e n t  r e s u l t s  are summarized i n  t h e  OCSEAP 
S y n t h e s i s  R e p o r t s  o f  1977 and 1978. An e n v i r o n m e n t a l  impact 
s t a t e m e n t  ( E I S )  is now a pa r t  o f  any major development and ,  
i n  r e l a t i o n  t o  t h e  Arctic p i p e l i n e s ,  such  r e p o r t s  were pre-  
pared f o r  t h e  T r a n s  Alaska P i p e l i n e  Sys t em,  t h e  Alaskan Arctic 
G a s  P i p e l i n e  ( n o t  selected f o r  c o n s t r u c t i o n )  and t h e  Alcan G a s  

P i p e l i n e  ( t o  be b u i l t ) .  Dur ing  Arctic o f f s h o r e  p i p e l i n e  con- 
s t r u c t i o n  there w i l l  be some env i ronmenta l  impac t ,  mainly  on 
b e n t h i c  o rgan i sms .  When t h e  p i p e l i n e  is  o p e r a t i n g ,  pumping 
s t a t i o n s  are e x p e c t e d  t o  have o n l y  a small  effect  on t h e  
envi ronment .  

The  most s i g n i f i c a n t  env i ronmenta l  impact  c o u l d  o c c u r  
d u r i n g  a major  o i l  leak c a u s e d  by  p i p e  f a i l u r e .  An o i l  s p i l l  
i n  t h e  B e a u f o r t  Sea would p o s e  spec ia l  problems due t o  t h e  
p r e s e n c e  of ice d u r i n g  most of  t h e  y e a r ,  t h e  r emoteness  from 
i n d u s t r i a l  and urban a r e a s ,  and  t r a n s p o r t a t i o n  d i f f i c u l t i e s .  
Problems connec ted  w i t h  an o i l  s p i l l  i n  t h e  B e a u f o r t  Sea  were 
d i s c u s s e d  i n  d e t a i l  i n  E I A  r e p o r t ,  1979 and i t  w a s  concluded 
t h a t  t h e  s p r i n g  s e a s o n  ( i c e  break- up)  and t h e  f a l l  season 
( i ce  f r e e z e- u p )  may pose  d i f f i c u l t i e s  i n  o i l  conta inment  and 
d i s p o s a l .  Dur ing  t h e  w i n t e r  p e r i o d  t h e  o i l  would accumula te  
under  t h e  ice i n  a r e l a t i v e l y  small area. I t  t h e n  c o u l d  be 

collected and disposed of by b u r n i n g  or o t h e r  means. Dur ing 
t h e  summer s e a s o n ,  when t h e  water is  i c e - f r e e  i n  t h e  near- 
s h o r e  areas, t e c h n i q u e s  u s e d  i n  t e m p e r a t e  zones  f o r  o i l  con- 
ta inment  and d i s p o s a l  would app ly .  However, t h e  t echno logy  
of  o i l  s p i l l  con t ro l  i n  i ce- covered  and i c e - i n f e s t e d  waters 
is stil l  i n  i ts  i n f a n c y .  
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F o r t u n a t e l y ,  t h e  problems t h a t  were e n c o u n t e r e d  w i t h  t h e  
s p i l l  from t h e  t a n k e r  Amoco-Cadiz, and from t h e  Ix toc  w e l l  i n  
t h e  Gulf of Mexico, do n o t  n e c e s s a r i l y  a p p l y  t o  a p i p e l i n e  

l e a k  i n  t h e  B e a u f o r t  Sea .  There  are two m i t i g a t i n g  a s p e c t s  
of  a n  o i l  s p i l l  from a p i p e l i n e :  f i r s t ,  it can b e  c o n t r o l l e d  

e a s i l y  by c l o s i n g  some v a l v e s ;  s e c o n d ,  t h e  volume o f  o i l  
s p i l l e d  would b e  c o n s i d e r a b l y  less t h a n  t h a t  e n c o u n t e r e d  i n  
t h e  two examples g i v e n .  These f a c t s ,  combined w i t h  p re- p lanned ,  
comprehensive c o n t i n g e n c y  p r o c e d u r e s ,  c o u l d  h e l p  s u b s t a n t i a l l y  
i n  a l l e v i a t i n g  t h e  env i ronmenta l  h a z a r d s  o f  an o i l  p i p e l i n e  
f a i l u r e .  

H .  ECONOMICS OF ARCTIC PIPELINES 

T h e  economics of  Arc t ic  p i p e l i n e s  is n o t  w e l l  unders tood  

and l i t t l e  d a t a  are a v a i l a b l e  i n  t h e  USA because  of t h e  p i o n e e r-  
i n g  c h a r a c t e r  o f  o n s h o r e  and o f f s h o r e  p i p e- l a y i n g  i n  t h a t  area.  
V a u l a b l e  e x p e r i e n c e  onshore  h a s  been o b t a i n e d  w i t h  t h e  TAPS 
which w i l l  b e  d i s c u s s e d  l a t e r ,  and more d a t a  w i l l  become a v a i l -  
a b l e  when t h e  c o n s t r u c t i o n  of t h e  Alcan g a s  p i p e l i n e  i s  c o m-  
p l e t e d .  

However, a s u b s t a n t i a l  amount o f  c o s t  i n f o r m a t i o n  is  
a v a i l a b l e  f o r  o n s h o r e  and o f f s h o r e  p i p e l i n e s  i n  t h e  lower  48 
s t a t e s  and a n a l y s i s  o f  s u c h  d a t a  w a s  performed r e c e n t l y  ( S e a t o n ,  
1 9 7 9 ) .  T h i s  a n a l y s i s  h a s  shown t h a t  p i p e l i n e  c o s t s  i n  t h e  USA 
have c l imbed w i t h  t i m e ,  p a r t i c u l a r l y  s i n c e  1973 ,  as shown i n  
F i g u r e  1-17. T h i s  i s  caused  by c o s t  i n c r e a s e s  i n  b o t h  material 
and labor.  Two major  c o s t  i t e m s ,  t h e  l i n e  p i p e  and t h e  p i p e-  
l i n e  c o n s t r u c t i o n ,  were d e b i t e d  w i t h  a cost i n d e x  i n  1978 o f  

505 and 416, r e s p e c t i v e l y  ( S e a t o n ) .  (Cos t  i n d e x  t a k e n  a s  100 
i n  1 9 4 7 ) .  

On a d o l l a r / m i l e  ba s i s  o f f s h o r e  p i p e l i n e s  are more ex-  

p e n s i v e  t h a n  t h o s e  o n s h o r e  as  shown i n  F i g u r e  1-18 which 

employs 1978-1979 cost d a t a .  The o f f s h o r e  c o s t s  are a v e r a g e s  
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Year 

Figure 1-17. US Pipeline Construction Cost Index 
(Reprinted from Oil and Gas Journal, (c) 1979 

Petroleum Pub1 ish ing Company, by permission) 
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b a s e d  main ly  on p i p e l i n e s  i n  L o u i s i a n a  w h e r e  t h e  c o s t / m i l e  

v a r i e d  g r e a t l y  even f o r  t h e  same p i p e  d i a m e t e r .  For i n s t a n c e ,  
a 30 c m  (12  i n )  d i a m e t e r  l i n e  c o s t / m i l e  ranged from $453,000 
t o  $1 ,433 ,000 .  Thus ,  t h e  d a t a  i n  F i g u r e  1-18 are  i n d i c a t i v e  

o f  t h e  r e l a t i v e  c o s t  o f  o n s h o r e  v e r s u s  o f f s h o r e  p i p e l i n e s ,  
r a t h e r  t h a n  t h e  a b s o l u t e  c o s t  which w i l l  b e  de te rmined  l a r g e l y  
by p i p e l i n e  r o u t e .  

The 1.22m (48 i n )  d i a m e t e r  T r a n s  Alaska  P i p e l i n e  System 

c a r r y i n g  o i l  from Prudhoe Bay t o  P o r t  Valdez ( a p p r o x i m a t e l y  
800 m i l e s )  p r e s e n t s  a d i f f e r e n t  case. I t  w a s  t h e  f i r s t  major  
e n g i n e e r i n g  u n d e r t a k i n g  i n  t h e  USA Arctic and many problems 
connec ted  w i t h  g e o t e c h n i c s  of p i p e l i n e ,  r o u t e ,  ma te r ia l s ,  l a b o r ,  
and l o g i s t i c s  had t o  b e  s o l v e d  f o r  t h e  f i r s t  t i m e .  The o r i g i -  
n a l  c o s t  estimate f o r  t h e  p i p e l i n e  made i n  1968 w a s  f o r  $1.046 
b i l l i o n .  When t h e  p i p e  w a s  comple ted  i n  1977 ,  t h e  c o s t  w a s  
$7 .9  b i l l i o n ,  o r  a lmos t  $10 m i l l i o n  p e r  m i l e  ( C o m p t r o l l e r ' s  

G e n e r a l  R e p o r t ,  1 9 7 8 ) .  E v a l u a t i o n  o f  t h e  c o s t  e s c a l a t i o n  by 
t h e  f e d e r a l  government i n d i c a t e d  t h e  impor tance  of such  i t e m s  
as  d e t a i l e d  s i t e - s p e c i f i c  d a t a ,  e a r l y  r e s o l u t i o n  of t e c h n i c a l  
and g e o l o g i c a l  u n c e r t a i n t i e s ,  and d e t a i l e d  management p l a n n i n g  

and b u d g e t i n g  c o n t r o l s .  

Another  case o f  Arctic  o n s h o r e  p i p e l i n e  h a s  been d e s c r i b e d  

(Bock, 1 9 7 9 ) .  T h i s  w a s  a s m a l l- d i a m e t e r  20 t o  25 c m  ( 8  t o  1 0  
i n )  g a s  p i p e l i n e  o f  235 km (146 m i )  l e n g t h  s u p p l y i n g  n a t u r a l  

g a s  from t h e  Nor th  S l o p e  t o  pump s t a t i o n s  1, 2 ,  3 and 4 o f  t h e  
TAPS. To q u o t e  Bock: 

I n  t h e  f i n a l  a n a l y s i s ,  i n  a d d i t i o n  t o  d i t c h -  

i n g ,  t h e  c o s t  a s s o c i a t e d  w i t h  t h e  b a c k f i l l  

o p e r a t i o n ,  summer e r o s i o n  c o n t r o l  r e q u i r e -  
ments ,  equipment  r e p a i r  and main tenance ,  
w e l d i n g ,  and h y d r o t e s t  a lso  showed v a r i a n c e  
l e v e l s  which r e f l e c t  t h e  d i f f i c u l t y  of es t i-  
mat ing  t h e  c o s t  o f  t h i s  p r o j e c t .  
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Thus, the cost of Arctic offshore pipelines is likely 
to be underestimated in the design stage. However, if advan- 
tage is taken of the TAPS, the Canadian experience, and the 
Comptroller General's recommendations, an estimate error 
probably could be reduced to a manageable level. 
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